Osteoporosis results in a significant increase in the risk of fragility fractures. Almost 50% of women and 30% of men over the age of 50 years will suffer a fracture 1 . With an upward trend in life expectancy, the worldwide incidence of fracture is expected to increase to 6 million by 2050 (REF. 2). Fractures can have devastating consequences, and are often associated with crippling disability requiring rehabilitation in up to 75% of individuals, loss of independence and a marked decline in quality of life 3, 4 . In the case of hip fractures, mortality of 24-33% is common in the first year following a fracture 2, [4] [5] [6] . Although bone loss is a consequence of natural ageing, numerous disease states accelerate this process leading to skeletal damage at a relatively early age. Such conditions include postmenopausal osteoporosis in women, autoimmune diseases including rheumatoid arthritis, periodontal infection (a leading cause of tooth loss), hyperparathyroidism resulting from tumours or impaired calcium absorption, infection with human immunodeficiency virus (HIV) and the combination antiretroviral therapy (cART) used in HIV treatment 7, 8 . In inflammation, activated immune cells promote bone destruction by stimulating bone-resorbing osteo clasts. However, under physiological conditions the immune system might actually protect the skeleton. Consequently, disruption of immune function, such as occurs in HIV infection, might promote bone loss 9, 10 . Furthermore, new findings suggest that certain pharmacological stimuli including teriparatide, an intermittently administered fragment of parathyroid hormone (PTH) [11] [12] [13] [14] and abatacept (cytotoxic T-lymphocyte-associated protein 4 (CTLA4)-Ig), a pharmacological co-stimulation inhibitor that renders T cells dormant (anergic) 15 , promote or intensify osteoblastic bone formation, in part, through T cells. This paradoxical inter-relationship between the immune system and the skeletal system results from an immuno-skeletal interface (ISI), in which immune cells and their mediators, which regulate physiological immune responses to infection, serve a dual function as skeletal regulators.
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In this Review, we examine evidence for the involvement of the ISI in skeletal physiology and pathophysiology and discuss how our understanding of the ISI might lead to novel approaches to prevent and/or treat bone loss by targeting upstream inflammatory and/or immunological cascades beyond classic downstream bone formation and bone resorption pathways. This Review is written predominantly from the perspective Physiological and pathophysiological bone turnover -role of the immune system M. Neale Weitzmann 1, 2 and Ighovwerha Ofotokun 3, 4 Abstract | Osteoporosis develops when the rate of osteoclastic bone breakdown (resorption) exceeds that of osteoblastic bone formation, which leads to loss of BMD and deterioration of bone structure and strength. Osteoporosis increases the risk of fragility fractures, a cause of substantial morbidity and mortality, especially in elderly patients. This imbalance between bone formation and bone resorption is brought about by natural ageing processes, but is frequently exacerbated by a number of pathological conditions. Of importance to the aetiology of osteoporosis are findings over the past two decades attesting to a deep integration of the skeletal system with the immune system (the immuno-skeletal interface (ISI)). Although protective of the skeleton under physiological conditions, the ISI might contribute to bone destruction in a growing number of pathophysiological states. Although numerous research groups have investigated how the immune system affects basal and pathological osteoclastic bone resorption, recent findings suggest that the reach of the adaptive immune response extends to the regulation of osteoblastic bone formation. This Review examines the evolution of the field of osteoimmunology and how advances in our understanding of the ISI might lead to novel approaches to prevent and treat bone loss, and avert fractures.
of osteoimmunology and is based on work over the past 2 decades. Lack of validation in human systems and variable outcomes in some animal models have, however, led to disagreements concerning the importance of immune cells in some models. Furthermore, many of the concepts discussed here have yet to be formally adopted into mainstream bone biology. Nonetheless, extraordinary progress is being made in dissecting the ISI and evidence continues to accumulate in support of a role for immune cells in both physiological and pathophysiological bone states.
Physiological bone turnover Role of the immune system Osteoclastogenesis and the RANK-RANKL-OPG axis.
The skeleton is constantly renewed by the coordinated removal of worn bone by osteoclasts and the deposition of new bone by osteoblasts 16 . Whereas osteoblasts develop from cells of mesenchymal origin, precursors of osteoclasts have, since the 1970s, been recognized to derive from monocytes and macrophages (that is, cells of haematopoietic origin) [17] [18] [19] . However, the exact mechanism for converting a monocyte into an osteoclast has remained elusive for over 2 decades.
In 1997, osteoprotegerin (OPG), a potent inhibitor of osteoclast differentiation, was discovered 20, 21 . This discovery was quickly followed by that of its ligand, osteoprotegerin ligand (OPGL) 22, 23 , a potent inducer of osteoclast differentiation. OPGL, also known as TNF-related activation-induced cytokine (TRANCE) 24, 25 , is now referred to in the bone field, by convention, as receptor activator of NF-κB (RANK) ligand (RANKL) 26 . Interestingly, RANKL was first described as a T-cell-derived cytokine mediating T-cell proliferation and dendritic cell functions 26 . Besides this immunological role, RANKL is now considered the key downstream effector cytokine required for osteoclast formation and activity.
In the presence of permissive concentrations of macrophage colony-stimulating factor (M-CSF), a survival factor for cells of the monocyte-macrophage-osteoclast lineage, RANKL binds to its receptor (RANK) on osteoclast precursors and promotes their differentiation into pre-osteoclasts, which fuse together into mature bone resorbing osteoclasts. OPG is a physiological decoy receptor of RANKL 27, 28 and the RANKL to OPG ratio is a key determinant of osteoclast differentiation and bone resorption in the body. Although several cell types have the potential to make RANKL and OPG, under physiological conditions, osteoblasts and/or their precursors (bone marrow stromal cells) are generally regarded as the dominant source of both RANKL and OPG. Some studies have suggested, however, that during bone remodelling chondrocytes and osteocytes are also essential sources of RANKL 29, 30 and, as discussed later in the text, B cells might also be a key source of OPG. The osteocyte, a terminally differentiated osteoblast embedded in bone matrix, is also a key source of sclerostin, a Wnt pathway antagonist that serves to decrease bone formation and has become a bone anabolic therapeutic target 31 . The discovery of the RANK-RANKL-OPG pathway (FIG. 1) has revolutionized our understanding of osteoclast biology and established a basis for understanding the ISI.
B cells -a key source of OPG and potent regulators of bone turnover. In 1998, human B cells were reported to secrete OPG 32 . A decade later, murine bone marrow B-cell subsets (precursors, immature, mature and plasma cells) were shown to be collectively responsible for 64% of total bone marrow OPG, with mature B cells alone accounting for almost 40% 33 . OPG production in mature B cells was further demonstrated to be important for bone homeostasis in vivo, as B-cell-deficient mice had low BMD owing to increased bone resorption and a marked deficit in bone marrow OPG. Transplantation of B cells into B-cell-deficient mice normalized OPG production and prevented elevated bone resorption and loss of bone mass 33 .
T cells -key regulators of OPG production in B cells and basal bone turnover. T cells are a cornerstone of adaptive immunity and via secreted factors and surface bound co-stimulatory molecules they regulate the function of antigen presenting cells (APCs) and B-cell-directed humoral immunity 34 . Evidence for the involvement of T cells in physiological bone remodelling emerged as far back as 1983, when an increase in bone resorption was reported in T-cell-deficient nude mice 35 . This increased bone resorption was attributed to an osteoclastogenic factor, probably secreted by B cells or macrophages in response to T-cell deficiency 35 . Similarly, co-culture of macrophages and activated T cells resulted in the production of a soluble osteoclastogenic factor, which led to speculation that bone remodelling might be regulated, in part, by cells of the immune system 36 . Importantly, studies of OPG production by human B cells revealed that ligation of the CD40 receptor on B cells results in upregulation of OPG mRNA expression 32 . The counterpart of CD40, CD40 ligand (CD40-L), is highly expressed by activated T cells, which suggests a link between B-cell-T-cell interactions and OPG production, and the potential for both B cells and T cells to regulate the basal RANKL to OPG ratio. Additional support for a role of T cells in the regulation of OPG levels came from studies in which T-cell subsets (CD4 + and CD8 + ) were depleted in mice using neutralizing antibodies 37 . Culture
Key points
• Receptor activator of NF-κB ligand (RANKL) and osteoprotegerin (OPG) are key downstream effectors of bone resorption; tumour necrosis factor (TNF) might synergize with RANKL to superinduce osteoclastic bone resorption • B cells, regulated by T cells, are a key source of basal OPG whereas activated T cells and B cells are key sources of TNF and RANKL in inflammatory conditions • Short-term antiresorptive therapies might safely prevent bone loss associated with combination antiretroviral therapy • Anergic and parathyroid-hormone-treated T cells secrete the protein Wnt-10b, which promotes bone formation • Novel therapeutic strategies targeting the immune system might promote bone formation and decrease bone resorption to manage osteoporotic bone loss and prevent fracture of T-cell-depleted bone marrow ex vivo with an osteoclastogenic stimulus (vitamin D 3 ) markedly increased osteoclast formation. Osteoclastogenesis was reversed by indomethacin, suggesting the involvement of prostaglandin; however, T-cell depletion also induced complete suppression of OPG production 37 . Furthermore, in a mouse model of periodontal infection, depletion of B cells intensified alveolar bone loss, suggesting that B cells produce antiresorptive factors 38 . Consistent with a role of lymphocytes in the regulation of basal osteoclastogenesis, elevated bone resorption and diminished BMD has been reported in T-celldeficient nude mice, which was associated with a deficiency in the production of OPG by B cells 33 . Moreover, genetic deletion of T cells, or the genes encoding the CD40 and CD40-L co-stimulatory molecules, increased bone resorption and bone deterioration in mice, and was accompanied by a considerable decline in OPG production by B cells 33 . In support of a role of CD40 and/or CD40-L in bone turnover in humans, polymorphisms in the Kozak sequence of the CD40 gene promoter are associated with low BMD in postmenopausal women 39 . Furthermore, mutations in CD40LG (which encodes human CD40-L) are associated with increased bone resorption, low BMD and osteoporotic fractures in X-linked hyper-IgM syndrome 40 . Another co-stimulatory molecule involved in the activation of T cells is CD28. CTLA4 is an inhibitor of CD28 activation and is secreted by cells of the T-cell lineage 41 . CTLA4 binds to the CD28 ligands, CD80 (also known as B7.1) and CD86 (also known as B7.2), expressed by APCs 41 . Interestingly, CTLA4 directly inhibits RANKL-induced and TNF-induced osteoclast formation in vitro 41 . As monocytes -the precursors of osteoclasts -also function as APCs, they express CD80 and CD86 molecules. The binding of CTLA4 to these ligands leads to the generation of intracellular signals that induce activation of indoleamine 2,3-dioxygenase (IDO) in osteoclast precursors, thereby leading to tryptophan degradation and induction of apoptosis 42 . Consequently, CD80, CD86 and IDO-deficient mice have increased osteoclastogenesis and an osteopenic phenotype 42 . CTLA4 might, therefore, have an important role in the physiological regulation of bone resorption and preservation of bone mass 42 . Taken together, current evidence supports the notion that both B and T lymphocytes moderate physiological bone resorption through regulation of the RANKL to OPG ratio, as well as via direct effects of CTLA4 on osteoclast precursors and, therefore, contribute to the maintenance of peak BMD. This immunocentric model of immune cell involvement in basal osteoclast regulation is shown in FIG. 2 .
Pathological bone turnover
Role of the immune system Immune disruption and bone loss in HIV infection. If lymphocytes protect the skeleton, bone loss would be predicted to accompany the acquired immunodeficiency syndrome (AIDS) associated with HIV infection, as HIV results in depletion of CD4 + T cells as well as B-cell dysfunction through loss of co-stimulation and/or direct viral attack 43, 44 . In fact, bone loss is common in patients infected with HIV [45] [46] [47] [48] [49] [50] and nearly two thirds of patients infected with HIV exhibit osteopenia and about 15% have osteoporosis [51] [52] [53] . A dramatic increase in fracture incidence has been demonstrated in HIV-infected individuals over a wide age range in both sexes 54 . Additional studies have reported an ~2-4% overall increase in fractures and up to a ninefold increase in the incidence of hip fracture [54] [55] [56] [57] [58] [59] [60] . Not all studies, however, have found an increased incidence of fractures with HIV infection 61 . Nevertheless, almost 50% of individuals living with HIV infection in the USA are over the age of 50 years 62 , and the HIV population worldwide is entering an age demographic in which fracture incidence is substantially increased. Concerns are therefore mounting as to a looming epidemic of fractures and the need for preventive measures 63 . Figure 1 | Role of the RANK-RANKL-OPG system in physiological osteoclast formation. Osteoclast precursors derived from cells of the monocyte lineage express receptor activator of NF-κB (RANK), the receptor for the key osteoclastogenic cytokine RANK ligand (RANKL). In the presence of permissive concentrations of macrophage colony-stimulating factor 1 (M-CSF), which binds to its receptor M-CSF-R (commonly known as c-fms), RANKL promotes differentiation of monocytes into pre-osteoclasts that fuse into multinucleated mature bone resorbing osteoclasts. Osteoprotegerin (OPG) is a decoy receptor for RANKL and moderates its activity. Bone-forming osteoblasts derive from mesenchymal stem cells (MSCs) that differentiate into pluripotent progenitors, often referred to as bone marrow stromal cells (BMSCs). Under appropriate conditions, BMSCs differentiate into osteoblasts that are capable of synthesizing and mineralizing bone matrix. Both BMSCs and osteoblasts are considered a major source of RANKL and OPG. Some osteoblasts might further differentiate into osteocytes that remain encapsulated within bone and continue to sense the microenvironment and secrete factors that regulate bone turnover such as RANKL and the inhibitor of bone formation, sclerostin. Defining the cause of bone loss in this population has been extremely difficult owing, in part, to traditional risk factors for osteoporosis being common among HIVinfected individuals. These risk factors include low BMI, AIDS-associated pathologies such as muscle wasting, kidney disease, hypogonadism, vitamin D insufficiency or deficiency, smoking, and recreational drug and alcohol use 64, 65 . Furthermore, considerable confusion exists regarding whether bone loss is a result of HIV infection, related to traditional risk factors, a consequence of cART, or a combination of these factors 46, 47, 51, [66] [67] [68] . Development of the HIV-1 transgenic rat model, which develops many of the pathologies characteristic of human AIDS 69 , was a major scientific advance facilitating the study of HIV-mediated bone loss in the absence of confounding factors associated with HIV infection in humans. BMD and bone structure are markedly reduced in the HIV-1 transgenic rat due to elevated bone resorption and an increase in the ratio of RANKL to OPG 10, 70 . Furthermore, OPG production by B cells was reduced, exacerbated by substantial B-cell production of RANKL 10 . These studies demonstrated, for the first time, the potential involvement of the ISI in HIV-associated bone loss.
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In 2014, these preclinical data were translated back to the human system in a study involving 58 HIV − and 62 cART-naive HIV + individuals 9 . As expected, increased bone resorption, low BMD and, indeed, osteopenia was common in the HIV-infected individuals. Importantly, as in the rat model, B-cell expression of RANKL was increased markedly while B-cell expression of OPG was diminished. These changes remained statistically significantly associated with HIV status following multi variate analysis adjusting for age, sex, race, BMI, smoking, alcohol consumption and fracture history. Furthermore, the RANKL to OPG ratio in B cells was significantly associated with BMD and BMD-derived T-scores and/or Z-scores at the total hip and femoral neck, two common sites of fracture in humans 9 . These findings are consistent, in part, with those of another study, in which serum levels of OPG (but not RANKL) were significantly associated with lumbar spine, total hip and femoral neck Z-scores in cART-naive patients 71 .
Although bone loss in HIV-infected individuals is probably multifactorial, the aforementioned data demonstrate an immunological underpinning that probably contributes to bone loss and the high fracture rates in HIV-infected individuals (immunocentric model of HIV-induced bone loss; FIG. 3a).
Inflammatory bone loss associated with HIV-1-antiretroviral therapy. cART is recommended for all patients following a diagnosis of HIV and is effective in reversing many of the sequelae of HIV infection and AIDS. Paradoxically, however, skeletal deterioration continues unabated and in many cases actually becomes markedly worse 46, 64, [72] [73] [74] [75] . Although not all studies have found decreased BMD and, in fact, some have reported increased or stable BMD 76, 77 , in general most studies report a 2-6% loss of BMD, predominantly within the first 2 years of initiation of cART 73 that probably exacerbates the bone loss already sustained by those with chronic HIV infection.
cART comprises combinations of different drugs, usually from two or more drug classes. This wide range of drug combinations, used concomitantly, has confounded comparison of the effects of individual constituent antiretroviral drugs on bone. Furthermore, accurate modelling of the effects of cART in cell culture systems in vitro [78] [79] [80] and in murine models in vivo 81 has been difficult, as the effects of cART generally fail to replicate the pattern of bone loss observed in humans infected with HIV. Owing to the different modes of action and different biochemical pathways affected by different cART regimens, one particular drug or drug class would be expected to be responsible for bone loss. Although effect sizes can vary and cART regimens containing tenofovir disoproxil fumarate result in the most bone loss, paradoxically, bone loss has been reported for all drug classes. Consequently, the evidence suggests that a major component of bone loss is independent of the particular cART regimen used 82, 83, 66 . T-cell repopulation and subsequent immune reactivation following T-cell recovery has been hypothesized to be a common denominator between cART regimens, generating an inflammatory state favourable for osteoclastic bone loss. In fact, chronic inflammation and immune activation are known to persist in patients on cART and might contribute to end-organ damage such as end stage renal and liver disease, cardiovascular disease, neurocognitive disorders and, indeed, bone disease 84 . Activated T cells produce several osteoclastogenic cytokines including RANKL 26, 24 and TNF, a cytokine that promotes RANKL expression by osteoblasts 85 and directly synergizes with RANKL to amplify osteoclastogenesis 86 and bone resorption 87 . A marked increase in plasma levels of RANKL and TNF has been reported in some, but not all, patients following initiation of ART, together with a significant correlation between the magnitude of CD4 + T-cell recovery and bone resorption 88 . These findings suggest that a more aggressive T-cell repopulation drives higher rates of bone resorption 88 and supports a contribution from an inflammatory state involving T-cell activation and osteoclastogenic cytokine production in cART-induced bone loss. However, such changes in serum factors have not been observed in all studies and, despite a significant increase in bone resorption in patients initiating cART, one study reported a significant decline in levels of RANKL 89 . The reason for the discrepancies between studies is presently unclear; however, circulating factors might not reflect actual conditions at sites of bone turnover and might need to be interpreted with caution.
To further test the notion of immune reconstitution causing bone loss we mimicked this process in the context of immunodeficiency in an animal model by syngeneic T-cell reconstitution of T-cell deficient mice 88 . T-cell reconstitution caused a marked increase in bone resorption and declines in BMD and trabecular and cortical microarchitecture. Although T cells were the primary instigator of bone loss and produced both RANKL and TNF, reactivation of adaptive immunity further led to RANKL and/or TNF secretion by other immune components including B cells and monocytes/ macrophages.
These data support the concept that inflammatory reactions associated with T-cell reconstitution following cART initiation might significantly contribute to the bone loss common to all cART regimens. Our data do not, however, exclude additional direct effects of cART Therapies and interventions to prevent bone loss associated with HIV and cART. Given the relatively young age of affected individuals and the inability of traditional bone densitometry to predict fractures in patients under the age of 50 years 90 , the implications of osteopenia and even osteoporosis in these individuals were, until recently, unclear. This situation resulted in a conservative approach to intervention, even though clinical studies have demonstrated efficacy of antiresorptive drugs such as zoledronic acid in increasing and maintaining BMD in patients with HIV receiving cART 91, 92 and of alendronate for treating low BMD 93 . Guidelines currently recommend screening by dual-energy X-ray absorptiometry (DXA) of men aged ≥50 years, postmenopausal women, patients with a history of fragility fracture, patients receiving chronic glucocorticoid treatment and patients at high risk of falls, and initiation of anti-osteoporotic interventions when indicated 73, 94 . Despite these recommendations, bone mass, once lost, is difficult to restore with antiresorptive therapies owing to a simultaneous drop in bone formation observed with almost all antiresorptive drugs 95, 96 , which leads to suppression of bone turnover. Administration of a long-lasting antiresorptive prophylaxis to patients at the time of initiating cART has been proposed to block bone loss during the period when resorption is most intense 88 . As a proof of concept, zoledronic acid was demonstrated to ameliorate bone loss associated with T-cell reconstitution in mice, without evidence of impediment to early T-cell reconstitution 97 . The results of a phase II clinical study to test this concept of prophylaxis against bone loss in treatment naive HIVinfected patients initiating cART have now been published 98 . These data reveal that a single administration of zoledronic acid significantly protect patients through the first 48 weeks, the period when ART-induced bone loss is most pronounced, at the lumbar spine, hip and femoral neck 98 . Although a direct antiresorptive approach will probably have benefits for bone status and reduce the risk of fracture, the underlying immuno-skeletal imbalance is not corrected. Targeting inflammation might consequently be an important long-term direction for more inclusively dealing with bone loss as well as other end-organ complications associated with cART that are all exacerbated, if not instigated, by a persistent inflammatory state. Obviously, care is needed when targeting the immune system, especially in the context of prior immunodeficiency. However, immunosuppressive drugs, such as etanercept and infliximab that block TNF activity and action, respectively 99, 100 , B-cell-abating antibodies, such as rituximab 101 and co-stimulation inhibitors, such as abatacept 102 , have all been successfully used to blunt inflammation with direct or indirect benefits for bone turnover in rheumatoid arthritis. Such agents might find future applications in ameliorating inflammation in other disease states (including HIV infection), in which inflammation persists and continues to damage the skeleton even when viral replication is successfully suppressed by cART.
Immune activation and bone loss in rheumatoid arthritis.
Rheumatoid arthritis is an autoimmune disease that affects 2% of adult individuals, which results in chronic inflammation in the synovial membrane of affected joints and leads to chronic pain and fatigue and, ultimately, permanent disability and increased mortality 103 . In terms of the ISI, rheumatoid arthritis might be the most well accepted condition in which inflammation underlies bone loss. Although rheumatoid arthritis results in severe joint damage, global bone loss resulting from disruption of the systemic control of bone remodelling is common 104 . In rheumatoid arthritis, activated T cells and B cells infiltrate the synovial membrane and initiate and sustain an inflammatory state. However, these activated immune cells are thought to also drive systemic bone loss associated with rheumatoid arthritis primarily by secretion of RANKL and TNF [103] [104] [105] [106] [107] [108] . TNF is a key protagonist of both inflammation and bone loss in rheumatoid arthritis and overexpression of TNF in mice is commonly used to model the joint and systemic bone destruction observed in patients with the disease 109, 110 . Increased production of IL-7, a master regulator of T-cell differentiation, maturation and activity 111 , has long been associated with adult and juvenile rheumatoid arthritis 112 and administration of IL-7 causes expansion of T cells and B cells and aggravates inflammation in collagen-induced arthritis, a mouse model of rheumatoid arthritis 113 . Furthermore, blockade of IL-7 inhibits collagen-induced arthritis by suppressing T-cell activation and inflammatory cytokine production 115 . In vivo studies in humans and animal models suggest that T reg cells can suppress inflammation-induced bone loss 116, 117 . In fact, a strong inverse correlation has been reported between the number of circulating T reg cells and levels of bone resorption markers in patients with rheumatoid arthritis, which suggests that T reg cells might moderate bone destruction in rheumatoid arthritis in vivo 117 . Although T reg cells would be expected to diminish immune activation and, thus, moderate downstream inflammatory bone loss, interestingly, in vitro co-cultures of purified human 118 and murine 119 T reg cells with osteoclast precursors revealed inhibitory effects of T reg cells on RANKL-induced osteoclastogenesis. This finding suggested that a direct inhibitory effect exists, independent of the anti-inflammatory actions of T reg cells and has been attributed to production of the anti-osteoclastogenic cytokines TGF-β and IL-4 118 . By contrast, another study concluded that although TGF-β, IL-4 and IL-10 probably contributed, the dominant effect of T reg cells is mediated by production of CTLA4 (REF. 119 ).
T reg cells further mediate potent protective effects against bone destruction in the TNF transgenic mouse model of rheumatoid arthritis 117 . Although T reg cells diminished clinical signs of arthritis, the investigators concluded that the dominant bone-protective effect of T reg cells was probably mediated by direct effects on osteoclastogenesis rather than by suppression of inflammation 117 . This conclusion is supported by findings of increased basal BMD in wild-type mice harbouring increased numbers of T reg cells 117 , in Foxp3 overexpressing transgenic mice and in T-cell-deficient RAG-1 null mice reconstituted with T reg cells 120 . Although RANKL is considered to be the key effector of osteoclastogenesis, a novel RANKL-independent T-cell-secreted cytokine, threonine synthase-like 2 (originally named secreted osteoclastogenic factor of activated T cells; SOFAT) has been identified and speculated to exacerbate inflammation and/or bone loss in rheumatoid arthritis 121 . Little is known about the action of SOFAT in rheumatoid arthritis or any other bone disease; however, enhanced SOFAT gene expression and protein production has been reported in periodontal tissues of patients with chronic periodontal disease 122 , a bacterial-induced inflammatory response resulting in gingival soft tissue and alveolar bone destruction (a cause of tooth loosening and loss) 116 . Injection of SOFAT induced osteoclast formation in periodontal ligaments of mice in vivo 122 .
Therapies and novel interventions to prevent bone loss in rheumatoid arthritis. As the role of the immune system in the aetiology of rheumatoid arthritis is so well established and owing to the debilitating nature and high morbidity the disease imparts, the rheumatology field has pioneered the use of novel immunomodulatory drugs for blocking inflammation and protection of systemic and local bone erosion. Targeting of inflammatory cascades by blocking TNF effectively alleviates inflammation and bone loss in mouse models of rheumatoid arthritis 123 and TNF antagonists are approved for the treatment of patients with rheumatoid arthritis 99 . In addition, as immune activation is involved in the aetiology of rheumatoid arthritis, powerful immunomodulatory drugs that target T-cell co-stimulation are now being used in intractable cases of rheumatoid arthritis. One such drug is abatacept, a pharmaceutical based on natural CTLA4 that dampens inflammatory responses. Furthermore, T reg cells might suppress osteoclastogenic bone loss not only by dampening upstream inflammatory cascades, but also by mediating potent direct production of anti-osteoclastogenic factors.
Similar to rheumatoid arthritis, blocking T reg function in a murine model of periodontal infection increased inflammation and bone loss 124 . Furthermore, blocking T reg cell migration to inflammatory sites by deletion of the T reg chemoattractant factor CCR4, or its ligand CCL22, resulted in an increase in inflammatory bone loss 125 . By contrast, controlled release of CCL22 at sites of inflammation recruited T reg cells and mitigated bone resorption in both murine and canine models of periodontal disease 116 . Although the contribution of direct and indirect mechanisms to bone turnover in humans remains to be studied, harnessing the anti-osteoclastogenic activities of T reg cells might be a promising strategy to protect the skeleton in inflammatory disease states. The rheumatoid arthritis field will probably continue to lead the way in the discovery of novel immunomodualtory therapeutics for reversing inflammation and bone disease.
Role of the immuno-skeletal interface in oestrogen deficiency-induced bone loss. Bone loss in postmenopausal osteoporosis is a complex process with a multifactorial aetiology. An increase in the pituitary hormone, follicle-stimulating hormone (FSH), might be an early event instigating an increase in bone resorption 126 . The dominant effect, however, is generally ascribed to ovarian steroid deficiency following menopause, most notably oestrogen, a potent anti-inflammatory and bone protective factor 8 . Oestrogen deficiency leads to an increase in bone resorption through increased osteoclastogenesis, decreased osteoclast apoptosis and increased osteoclast activity 127 . Oestrogen protects bone via numerous complex effects on bone turnover, some mediated directly on the basal bone homeostatic machinery. These effects, which boost bone formation, include reducing selfrenewal of osteoblast progenitors 128 , decreasing stromal cell production of OPG 129 , increasing production of M-CSF 130 and RANKL 131 , and decreasing the antianabolic factor sclerostin 132 . Interestingly, oestrogen is also potently immunosuppressive 133 and over the past 2 decades an immunocentric aspect to oestrogen-deficiency bone loss has emerged suggesting potent permissive or additive effects of the ISI to the classic perspective.
B cells and oestrogen deficiency bone loss.
Intensive studies have elucidated unexpected putative roles of the ISI in oestrogen deficiency bone loss. Clinical studies have documented significant increases in RANKL production by both B cells and T cells derived from postmenopausal women 134 . The recognition that oestrogen deficiency upregulates B lymphopoiesis 135 , along with evidence that the potent B-lymphopoietic cytokine IL-7 is an inducer of bone loss, suggested a possible role for B cells in the aetiology of postmenopausal osteoporosis 136 . A 2012 study using conditional B-cell RANKL knock-out mice documented considerable protection from vertebral, but not femoral, bone loss 137 and, thus, suggested a contributory role of B cell RANKL to the trabecular bone loss component in ovariectomy.
T-cells and oestrogen deficiency bone loss. The first empirical evidence for a supporting role of T cells in oestrogen deficiency bone loss came from studies showing that T-cell deficient nude mice were resistant to ovariectomy-induced bone loss 86 . Although T cells are known to make RANKL, TNF production rather than RANKL was key to ovariectomy-induced bone loss in mice as evidenced by TNF and TNF type I receptor null mice being protected. Furthermore, the conditional knockout of TNF in T-cells using an adoptive transfer model, produced a mouse that was resistant to ovariectomy-induced bone loss and suggested that T cells are the required source of TNF necessary for bone loss 138 .
The dispensability of RANKL production by mouse T cells has been independently verified using advanced genetic models in which RANKL was conditionally ablated in T-cells 137 . Extensive mechanistic studies have further unravelled the basis for production of TNF by T cells and have revealed that loss of oestrogen initiates a multipronged attack on the ISI. This attack begins with an increase in reactive oxygen species, which leads to CD80 receptor expression on dendritic cells 139 . In addition, enhanced production of IFN-γ upregulates major histocompatibility complex (MHC) class II (MHCII) antigen expression on macrophages by stimulating the class II transactivator (CIITA) transcription factor 140 . These actions culminate in an increased sensitivity of APCs to T-cell-mediated co-stimulatory signals and T cells to prevailing antigens promoting T-cell activation and leading to TNF production. In vitro co-culture studies suggest that oestrogen might promote secretion of the anti-inflammatory cytokine IL-10 and of TGF-β from T reg cells 141 . Indeed, conditional blockade of TGF-β production by T cells renders them completely insensitive to the bone-sparing effects of oestrogen 142 . As osteoclasts are derived from monocytes/macrophages, cells that function as APCs, osteoclasts have, unsurprisingly, been reported to retain a capacity to present antigens to other immune cells and can activate T cells 143 . Interestingly, while presentation of antigens by dendritic cells induced formation of cytolytic CD8 + T cells, presentation of antigens by osteoclasts induced a regulatory T-cell phenotype in CD8 + T cells 115 . Importantly, transplantation of osteoclast-induced T reg cells into ovariectomized mice prevented the increase in osteoclast number, bone resorption and bone loss. These data suggest a negative feedback by osteoclasts involving differentiation of T reg cells from CD8 + T cells 115 . Much of the immunocentric basis for oestrogen deficiency bone loss is predicated on the notion of APC-mediated immune responses, which in classical immunological terms are expected to be antigen-driven processes; indeed, ablating antigen presentation protects mice from ovariectomy-induced bone loss 140 . Although a persistent low-level assault by weak self-antigens and foreign antigens exists even in healthy animals and humans, the nature of the antigens involved in ovariectomyinduced bone loss is still unclear. However, the gastrointestinal tracts of humans and animals are colonized by vast numbers of bacteria and other microorganisms commonly referred to as the gut microbiota. Treatment with the probiotic Lactobacillus reuteri markedly protects against ovariectomy-induced bone resorption and loss and supresses the expansion of CD4 + T cells in the bone marrow 144 . Furthermore, Lactobacillus species, either singly or as a mixture of three strains, protected ovariectomized mice from cortical bone loss, reduced levels of markers of bone resorption and inflammation (TNF and IL-1β, respectively) and prevented a decline in the number of T reg cells 145 . These studies suggest that the antigens pertinent to immune responses causing bone loss in ovariectomy models might be derived, in part, from the gut microbiota. Indeed, in germ-free mice, sex steroid deficiency fails to increase levels of osteoclastogenic cytokines, stimulate bone resorption or cause trabecular bone loss 146 . A further consequence of declining TGF-β and increasing hepatic IGF-1 (REF. 147 ) production is increased production of IL-7 (REF. 8 ), a potent inducer of T-cell RANKL production and osteoclastic bone loss 136, 148, 149 . In addition to these signals, an increase in IL-17-producing T H 17 T cells further stimulates osteoblastic RANKL production and promotes bone loss 150 . Transplantation of human exfoliated deciduous teeth (SHED) stem cells have been reported to protect mice from ovariectomy-induced bone loss by inducing apoptosis of activated T H 1 and T H 17 T cells 151 . Furthermore, suppression of B lymphopoeisis and of TNF-secreting senescent T cells by daidzein prevents the increase in bone marrow TNF and bone loss associated with ovariectomy in mice 152 . Furthermore, an antibody against IL-17 suppressed ovariectomy-induced CD4 + T-cell proliferation, reversed T-cell senescence (characterized by loss of CD28) and induced expansion of T reg cells, leading to protection from bone loss. Neutralization of TNF or RANKL also blocked bone loss, but not the upstream immunological events, thereby suggesting a key direct role for IL-17 in regulating T-cell changes associated with ovariectomy 153 . Interestingly, both IFN-γ and IL-7 have also been reported to directly suppress osteoclast formation 154, 155 . Although systemic overexpression of IL-7 resulted in osteolysis 156 , osteoblastic overproduction of IL-7 in the bone marrow only, led to a small increase in bone volume in female mice, but a nonsignificant decline in male mice 157 . Although osteoclast numbers were increased ex vivo, the increased bone mass might, in part, be a consequence of suppressive effects of IL-7 on bone formation. Supporting evidence for this suggestion comes from the observation that IL-7 suppressed bone formation in calvarial organ cultures and when injected into mice 158 . IL-7 knockout mice are also reported to have a marked increase in osteoblast surface 157 , which suggests complex effects on bone formation and resorption. The effects of IL-7 on OPG production in B cells are presently unknown but might account, in part, for some of the suppressive effects on osteoclastogenesis.
However, under inflammatory conditions, such as during oestrogen deficiency, the balance of indirect stimulatory effects of IFN-γ and IL-7 on the skeleton, mediated through the ISI, seem to overwhelm the direct inhibitory effects on osteoclast differentiation, leading to net bone loss. Additional support for the proosteoclastogenic effect of IFN-γ in vivo comes from studies reporting that IFN-γ administration induces bone resorption and ameliorates osteopetrosis in mice 159, 160 and humans 161 . Independent verification of a role for T cells in ovariectomy-induced bone loss came from a study showing a failure of T-cell-deficient NIH-III beige nude mice to increase osteoclast numbers and loose bone mass, events rescued by adoptive transfer of T cells. This study further reported that T cells stimulated apoptosis of osteoblast precursors, thereby contributing to the decline in bone formation that accentuates oestrogen deficiency bone loss 162 . Not all studies have found key roles for T cells in ovariectomy-induced bone loss, and in some studies only selective protection from bone loss in immunocompromised mice has been seen. Studies in T-cell-deficient Rowett athymic nude rats failed to identify protection from trabecular bone loss quantified by histomorphometry 163 . Whether T cells are dispensable for ovari ectomyinduced bone loss in the rat or whether the outcome was due to the incomplete T-cell deficiency in the rat model is unknown. Even though in immunocompromised mice adoptive transfer of T cells leads to only partial reconstitution (typically around 50%) of T cells, full rescue of bone loss associated with ovariectomy is possible, which suggests that even an incomplete complement of T cells might be permissive in some models.
In another study, variable outcomes were observed in different T-cell-deficient mice strains including nude, RAG-2 null (missing both T cells and B cells) and T cell receptor α null mice. Trabecular bone loss was still observed in these models but cortical bone loss was prevented in all mouse strains except RAG-2 null mice 164 . BALBc nude mice have also been reported to lose trabecular but not cortical bone volume 165 . The reason for the discrepancies in outcomes between these studies remains unclear, although subtle differences in experimental conditions such as residual T cells, animal diets, the gut microbiota, environmental factors and hormonal status could all be contributing factors. In nude mice, age might be of particular importance as extra-thymic maturation of T cells leads to partial recovery of the T cell population. Although a compelling body of work exists to support a role for T cells in ovariectomy-induced bone loss, several aspects remain to be clarified.
Data supporting an immunocentric basis for postmenopausal bone loss in humans remain relatively sparse; however, RANKL levels have been reported to be upregulated by bone marrow B cells and T cells from postmenopausal women in comparison with those from premenopausal and oestrogen treated postmenopausal controls 134 . Moreover, markedly elevated T-cell production of TNF and RANKL has been reported in women with postmenopausal osteoporosis compared with that in healthy postmenopausal women 166 . Furthermore, young patients (mean age 46.3 years) undergoing elective surgical ovariectomy were found to have increased T-cell activation and thymic hypertrophy compared with control individuals 167 . This model of ISI involvement in oestrogen-induced bone loss is presented in FIG. 4 .
Therapies and novel interventions to prevent oestrogen deficiency bone loss. Postmenopausal osteoporosis has been proposed to exhibit many of the classic hallmarks of an inflammatory disease 8 , which has important ramifications for future therapeutic strategies to ameliorate bone loss. As oestrogen deficiency seems to instigate a chronic inflammatory state propitious for bone loss, breaking the inflammatory cascade at any one of multiple nexus points seems to be effective in alleviating bone loss, at least in animal models 138, 142, 147, 158, 168, 169 . Indeed, pharmacological or genetic ablation of IL-1 and TNF 138, 168 , IL-7 (REF. 158 ), IFN-γ 169 and IGF-1 (REF. 147 ), or overexpression of TGF-β by somatic gene therapy 142 , are all effective in preventing ovariectomy-induced bone loss in mice. Interestingly, IL-7 knockout mice are protected from cortical, but not trabecular, bone loss following ovariectomy 170 whereas IL-17 receptor knockout mice have markedly more ovariectomy-induced bone loss than controls owing to the inhibitory effects of IL-17 on adipogenesis and leptin expression 171 . Targeting these pathways therapeutically is, therefore, complicated and can lead to complex and unexpected outcomes. Furthermore, overproduction of T reg cells protects ovariectomized mice from bone resorption and bone loss 120 . Consistent with a role of antigens in the inflammatory aspect of ovariectomy-induced bone loss, treatment of oestrogen-deficient mice with probiotics, but not E. coli, reduces gut permeability, diminishes adsorption of bacterial antigens into the circulation and dampens intestinal and bone marrow inflammation and bone loss 146 . Blunting the development of inflammation by use of probiotics or by regulating the gut microbiota could be a simple and fairly cheap alternative to pharmacological measures and is an important future direction in the field.
Finally, one osteoimmunological target, RANKL itself, has been successfully targeted pharmacologically and an antibody against RANKL (denosumab) has been approved by the FDA for fracture prevention 172 . However. future therapies for postmenopausal osteoporosis might involve selective targeting of upstream inflammatory cascades.
Hyperparathyroidism-induced bone loss and the role of the immune system. Serum calcium levels are tightly regulated in the body and even small decrements in serum-ionized calcium lead to secretion of PTH, which drives skeletal catabolism to release calcium stores. Excessive production of PTH leads to hyperparathyroidism and severe skeletal deterioration 173 . PTH promotes bone resorption by complex mechanisms that involve increased production of RANKL and decreased production of OPG in cells of the osteoblast lineage 174 . However, studies performed more than 15 years ago revealed that nude mice deficient in T cells are protected from the catabolic effects of hyperparathyroidism, which suggests a permissive role for T cells 175 .
Investigations have confirmed a lack of bone catabolic activity of PTH in T-cell-deficient T-cell receptor β knockout mice, as well as following conditional deletion of the PTH receptor in T cells 13, 176 . Bone loss in T-cell receptor β knockout mice was rescued following adoptive transfer of T cells 176 . Mechanistically, these data suggest that T cells provide a source of TNF that augments the catabolic activity of PTH by amplifying RANKL signalling and promoting the expression of CD40 on osteoblast precursors. Activated T cells deliver proliferative and survival signals though CD40L, the counterpart of CD40, further facilitating production of RANKL and diminishing levels of OPG [174] [175] [176] [177] . Therapies and novel interventions for bone loss in hyperparathyroidism. The finding that T-cells are involved in bone loss in hyperparathyroidism again suggests the potential for novel interventions involving immunosuppression. A proof of concept has been published, in which ablation of antigen presentation in mice, by silencing either class I or class II MHC interactions with T cells, prevents cortical bone loss whereas the co-stimulation inhibitor CTLA4-Ig likewise silences the catabolic activity of PTH 177 .
Bone formation
Role of the immune system Bone anabolic activity of RANKL. Although RANKL is the key osteoclastogenic cytokine, administration of low concentrations of RANKL promotes CD8 + T reg cell development in ovariectomized mice by stimulation of Notch ligand (DLL4) production in osteoclasts and production of the co-stimulatory molecule CD200 (REF. 178 ). The magnitude of this effect was sufficient to prevent increased bone resorption and bone loss. Oestrogen decline leads to complex direct and indirect effects on bone cells including suppression of bone formation, a reduction in osteoprotegerin (OPG) production and an increase in production of receptor activator of NF-κB ligand (RANKL) by osteoblasts and/or bone marrow stromal cells (BMSCs). T-cell activation and expansion following oestrogen decline amplifies these events though secretion of the proinflammatory cytokine tumour necrosis factor (TNF), which synergizes with prevailing RANKL and thereby upregulates osteoclastic bone resorption. TNF production is the net result of a complex immunological realignment following oestrogen withdrawal and involves a cascade of events that include downregulation of transforming growth factor β (TGF-β) production and upregulation of insulin-like growth factor 1 (IGF-1) production. These events promote a decline in the number of regulatory T (T reg ) cells and increased production of IFN-γ by type 1 T helper (T H 1) cells and IL-17-producing type 17 T helper (T H 17) cells. IL-17 promotes RANKL production by osteoblasts whereas IFN-γ increases antigen presenting cell (APC) activity. Increased IL-7 production facilitates multiple T-cell processes including proliferation and survival, and T-cell activation. The net result is an expansion of T cells and production of TNF. Although B cells might contribute to bone loss, the mechanism is presently unclear. E2, oestradiol; MSC, mesenchymal stem cell; RANK, receptor activator of NF-κB. ROS, reactive oxygen species; TNF-R1, TNF receptor 1. Another interesting finding from this study was a potent bone anabolic effect of low-dose RANKL, which led to increased bone formation and mineral apposition 178 . Whether RANKL can be administered in a manner capable of eliciting anti-osteoclastogenic effects and/or bone anabolic effects remains unclear. However, with an improved understanding of the mechanisms involved, these pathways might provide important new therapeutic targets in the future. The mechanisms underlying the anabolic effect of RANKL are presently unclear and might, in part, involve a reduction in levels of antiosteoblastogenic cytokines such as TNF 178 . An alternative explanation could be production of CTLA4 by T reg cells, a molecule with unexpected bone anabolic potential.
Bone anabolic activity of CTLA4-Ig and anergic T cells.
Little is known about the effects of T cells on basal bone turnover. In healthy mice, CTLA4-Ig induces a robust gain in BMD and in trabecular and cortical bone mass, surprisingly, a consequence of increased bone formation 15 . Mechanistically, CTLA4-Ig seems to promote bone formation as a quirk of its suppressive activity on T-cell activation. In the dual signal hypothesis of T-cell activation, engagement of antigens presented by APCs to the T-cell receptor initiates an anergic signal. Reversal of this signal by a second co-stimulatory signal from the APC (directed via CD80 and CD86 ligands to the CD28 receptor on the T cell) is necessary for T-cell activation to occur. Natural CTLA4 and pharmacological CTLA4-Ig block this second signal committing the T cell to an anergic state 179 . This inhibition favours the production of cAMP, which mediates upregulation of the Wnt10b promoter 15 . Wnt-10b, an anabolic Wnt pathway ligand, promotes osteoblast differentiation and activation, which stimulates bone formation. Whether CTLA4-Ig can promote bone formation in humans through effects on the ISI remains to be examined but, if validated, CTLA4-Ig might have application as a novel bone anabolic agent for promoting bone formation in patients with osteoporosis.
Bone anabolic effects of PTH. Chronic delivery of PTH, such as in the setting of hyperparathyroidism and thyroid tumours, leads to osteoclastic bone loss. However, when PTH is delivered in an intermittent and/or pulsatile fashion, a robust bone anabolic response is induced in animal models and in humans that completely offsets bone resorption and leads to a net gain of bone. This phenomenon, which remains to be explained mechanistically, has led to the development of teriparatide, the first bone anabolic agent approved by the FDA in the USA for osteoporosis therapy 180 . PTH has been extensively studied in animal models and humans and it's anabolic actions are the result of increased osteoblast proliferation and differentiation, activation of quiescent lining osteoblasts, which increase osteoblast lifespan as a consequence of diminished apoptosis, and downregulation of levels of sclerostin (a Wnt receptor antagonist) in osteocytes 180 . A central molecular mechanism involved in PTH-induced bone formation involves activation of Wnt signalling in the osteoblast. Interestingly, data from our group suggest that an important source of the Wnt ligand necessary for PTH-induced bone anabolism is the T cell 13, 14 . These conclusions are supported by studies demonstrating muted anabolic responses to intermittent PTH administration in T-cell deficient T-cell receptor β knockout mice 14 and in mice specifically lacking the PTH receptor in T cells 13 . Furthermore, the Wnt ligand secreted by T cells that promotes bone formation in response to PTH has been shown to be Wnt-10b, as mice with T cells incapable of producing Wnt-10b fail to promote bone formation following PTH administration 14 .
Although the molecular mechanisms of PTH action on T cells are still under investigation, as Wnt10b is also elicited by CTLA4-Ig-induced T-cell anergy 15 , a convergence of the same intracellular pathways is probable. The dual-signal hypothesis of physiological T-cell activation and the proposed mechanisms by which CTLA4-Ig and PTH promote bone anabolism are presented in FIG. 5. Intermittent PTH administration -the first anabolic therapy for osteoporosis. From a therapeutic perspective, teriparatide has been an important development in the prevention of fracture, as current antiresorptive medications that form the standard of care effectively suppress bone degradation but lead to a state of low bone turnover that is inefficient at recovering lost bone mass and can eventually damage bone. However, limitations including high costs and an inconvenient daily subcutaneous delivery has limited the broad use of teriparatide, and novel anabolic agents are urgently needed.
Although new therapies based on modulation of the Wnt signalling pathway, such as the sclerostintargeting antibody romosozumab 31 are currently under development or undergoing clinical trials, modulation of the ISI and the potential of T cells to secrete Wnt-10b might eventually be a novel mechanism to promote bone formation. Interestingly, because the immune system is a prominent source of anti-anabolic factors including TNF, anti-inflammatory agents might possess bone anabolic properties. Mice deficient in TNF or its type I receptor (p55) exhibit a markedly elevated basal peak BMD as a consequence of enhanced bone formation 181 . This effect is probably a consequence of diminished nuclear factor κB signalling in osteoblasts, which potently suppresses bone formation. Although TNF is a potent stimulator of osteoclastic bone resorption at high pathological concentrations, low-dose TNF is sufficient to suppress bone formation 181, 182 . Although in these studies all sources of TNF were ablated, TNF in T cells is a key mediator of bone loss in oestrogen deficiency and a key driver of tissue destruction and bone loss in rheumatoid arthritis and with cART. Indeed, anti-inflammatory pharmaceuticals targeting TNF can ameliorate bone loss, in part, by promoting bone formation in patients with rheumatoid arthritis 100 . Selective targeting of TNF production in T cells has never been investigated in humans but could be an area of future investigation as the ability to selectively target specific cell populations continues to evolve.
Conclusions
As the field of osteoimmunology continues to evolve and mature, new developments are expected. Work to date has provided new unexpected explanations for bone loss involving the ISI in conditions as seemingly diametrically opposed as inflammation and immunosuppression. A rapidly growing list of skeletal disease states now exists that might involve, in part, defects in the ISI. This list includes classic inflammatory diseases such as rheumatoid arthritis, novel inflammatory conditions such as postmenopausal osteoporosis and cART-induced bone loss, and yet to be classified immuno-skeletal diseases such has hyperparathyroidism. In addition, disruption of basic immuno-skeletal homeostatic processes might contribute to the bone loss associated with HIV infection.
The evolution of anti-osteoporotic therapeutics might eventually include upstream immune targets, rather than the classic downstream effectors of bone resorption that are currently the standard of care. The identification of anabolic functions deeply encoded within T-cell responses is providing new insights into the mechanisms of action of anabolic PTH, whereas pharmacologic manipulation of T cells by agents such as abatacept might be exploited to promote bone formation and add bulk to the skeleton to offset the deleterious effects of ageing and bone disease.
At the present time, the use of potent immunomodualtory biologics have been mainly reserved for cases of rheumatoid arthritis refractory to other therapies. Although well tolerated in most patients, the risks of immunosuppression and potential adverse effects such as reduced ability to fight infections (for example, tuberculosis and histoplasmosis) and increased susceptibility to certain cancers, remain a concern. The potential risk to reward ratio of targeting inflammatory cascades to alleviate conditions such as postmenopausal bone loss is currently unclear and existing therapeutic strategies still focus almost exclusively on the final effectors of osteoclastogenesis, osteoblastogenesis, and the osteoclasts and osteoblasts themselves. As the field progresses and an improved understanding of the integration between immune and skeletal functions emerges, new targets for amelioration of bone loss will probably be identified. 
